INTRODUCTION
Many diseases are known to change the mechanical propetlies oftissue. For example, cancerous lesions tend to feel rigid when touched and infectious lesions tend to feel soft when compared to the surrounding tissue. This is why palpation is a useful diagnostic procedure.
During many abdominal operations, palpation is used to assess irrtemal organs such as the liver. lt is not uncommon for surgeons at the time of abdominal surgery to discover by touch liver turnors that were undetected in preoperative imaging by computed tomography, magnetic resonance imaging or ultrasonography. None ofthe imaging modalities are capable of assessing the types of mechanical propetlies elicited by palpation. These observations provide motivation for seeking a medical imaging technology that can depict the mechanical propetlies oftissue and provide the hypothesis oftbis research. Our research hypothesis is that "palpation by imaging" will be a useful diagnostic tool for characterizing diseases. This may provide a way to noninvasively "palpate" regions ofthe body which are inaccessible to the physician's hand and might permit the identification of small turnors before they are large enough to detect by touch.
Mechanical propetlies offer a wider scale for characterizing tissues than normal medical imaging modalities. The elastic moduli of soft tissue vary by as much as faur orders ofmagnitude [1] . Changes in the mechanical propetlies oftissue due to disease can also be significant. Tumors found in the breast illustrate changes in the mechanical propetlies between normal tissue, benign turnors and malignant turnors. For instance, a breast turnor can have an elastic modulus which is almost two orders of magnitude greater than normal breast tissue [2] .
Since these measurable changes in tissue propetlies are potentially useful as a diagnostic tool, methods are being sought to quantify the propetlies of tissue. These methods can be grouped into three types: Static, Quasi-static and Dynamic.
The static methods [3] arenot useful for clinical applications since tissue samples must be excised and placed in a testing machine. The quasi-static methods [4] , correlate speckle from an unloaded specimen and a loaded specimen in B-mode uhrasonie images. These methods are sensitive to specimen geometry and boundary conditions. The dynamic methods [5, 6] use Dopplerultrasound to monitor acoustic shear waves in tissue. The propagation characteristics ofthe shear waves are a measure ofthe tissue's mechanical properlies. This method is limited to monitoring tissues which have an acoustic window and are in the line of sight of the ultrasonic transducer. Also, only motion along the axis of the ultrasonic beam can be detected.
The dynarnic method being discussed in this paper is Magnetic Resonance Elastography (MRE) [7, 8] . MRE combines the benefits of acoustic shear waves and of Magnetic Resonance Imaging (MRl). The acoustic shear waves remotely "palpate" tissue while being imaged by MRl. MRl has high imaging resolution and is used to measure the displacements caused by shear waves. The measurable displacement magnitudes are on the order of 100 nm or greater along any axis.
MRE uses a standard MRl scanner at 1.5T to generate two dimensional displacement images of cyclic shear waves propagating in tissue. Shear waves between 1 0 Hz -1.1 kHz are used to characterize tissue because shear wavelengths are much shorler than longitudinal wavelengths at these frequencies. A tissue with high rigidity will propagate a shear wave faster than a softer tissue for a given density.
Full field velocity and attenuation measurements can be made in tissue by imaging the displacements caused by propagating shear waves. The measured values for shear wave velocity and attenuation depends on the viscoelastic properlies ofthe tissue and on the frequency ofthe propagating wave. Thus a tissue can be characterized by velocity and attenuation measurements at different acoustic frequencies. The objective ofthis research is to use Magnetic Resonance Elastography to measure the viscoelastic properlies of velocity and attenuation as a function of shear wave frequency in Bovine Gel.
In the next section, a basic review of physics for Magnetic Resonance and MRE is given. Then the MRE imaging system is discussed. This will be followed by the experimental methods used to obtain the dispersion measurements and the resulting dispersion curves. A discussion ofthe results from the dispersion measurements are presented next. Finally, the conclusions summarizing the results are given.
REVIEW OF MAGNETIC RESONANCE AND MRE PHYSICS
The magnetic resonance phenomena can be studied by observing the behavior of nuclear spins, usually hydrogen atoms, in a magnetic field, B 0 , as shown in Figure 1 . This set of spins has a resonance frequency, ro 0 , given by the Larmor equation [9] . Gamma, the gyromagnetic ratio, is a property of the nucleus. An RF electromagnetic pulse, whose frequency content contains a frequency component at ro 0 , is then transmitted. This RF pulse causes the spins to precess around the static magnetic field at the Larmor frequency. While the spins are precessing, a RF signal, also at the Larmor frequency, is induced in a receiver coil [9] . A heterodyne interferometer can be constructed from the known reference frequency (Larmor Frequency), and the measurable RF signal which should be near the Larmor Frequency.
The working principle behind MRE is very similar to heterodyne interferometry [7, 8] . The spins are placed in a magnetic field gradient to linearly change the precessional frequency of the spins with displacement as shown in Figure 2 . When the spins are stationary, the received RF signal is at the reference Larmor frequency for the static B 0 field and there is no progression of phase between the two frequencies. When the spins are displaced from their mean position, the Larmor frequency changes and there is a progression of phase between the reference frequency and the RF signal. When the motion is cyclic in a static gradient field, the phase progression caused by positive displacements is canceled by phase regression caused by negative displacements. Thus over one period of the displacement cycle, there would be no net phase change between the reference frequency and the RF signal. To keep accumulating phase differences, the field gradient can be switched in polarity at the same frequency of the cyclic displacements as discussed in the next section.
MRE IMAGING SYSTEM
MRE uses a conventional MRI system with a sequence ofRF pulses and magnetic field gradients to encode the spatial positions ofhydrogen nuclei (spins) [7, 8] and reconstructs tomographic images using a Fouriertransformation algorithm. The timing of the RF pulses, and magnetic field gradients (frequency encode, phase encode, slice select) [9] , are shown schematically in Figure 3 . In addition to the imaging gradients, a motion sensitizing gradient, which is switched in polarity at the same frequency as the mechanical excitation, is superimposed in the direction of motion measurement for the spins. The synchronous motion-sensitizing gradient can be applied to any magnetic field gradient axis or any combination of axes as indicated by the white boxes in the timing diagrams. Thus, the motion sensitizing gradient can be applied along any arbitrary axis to measure motion in any direction. The cyclic displacements of the spins in the presence of these motionsensitizing gradients will cause a measurable phase shift in the received magnetic resonance signal.
By progressively varying the phase offset, 8, between the motion sensitizing gradients and the mechanical excitation, it is possible to obtain snapshots ofthe propagating acoustic wavefront as a function of time. One such snapshot is shown in the right portion of Figure 3 . This is an actual phase difference image of a propagating shear wave in a gel phantom. This phase image is similar to an image that could be obtained by pulsed holographic interferometry and it contains similar displacement information.
The shear waves in the gel are generated by a mechanism similar to a voice coil actuator found in a loudspeaker. A wave generator, which is synchronized to the motionsensitizing gradient, produces an altemating current in the actuator coil. In the presence of the static magnetic filed ofthe MRI scanner, the current in the actuator coil causes the contact plate which is connected to coil by an armature to move about the pivot point. The contact plate is a 9 x 9 mm "aperture" which producesplane wave fronts as shown in the MRE phase image.
The measured phase shifts are proportional to the scalar product of the displacement vector, the motion-sensitizing gradient vector, and to the nurober and the period ofthe cyclic motion-sensitizing gradients as given by Equation 1 [7, 8] . Thus sensitivity tosmall amplitude cyclic motion can be increased by accumulating phase shifts over multiple cycles ofthe mechanical excitation and the motion-sensitizing gradient waveform. From the measured phase shift in each volume element, it is possible to measure the amplitude of displacement in from the reconstructed image.
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~(r,9)= sm(k•r+9) ( For the all ofthe data presented in this paper, the imaging acquisition parameters for the MRI scanner are the following. The 256 x 256 pixel image has a field ofview 14 cm which corresponds to an axial pixel size of0.55 mm. The horizontal axis ofthe phase image is frequency encoded while the vertical axis is phase encoded [9] . The thickness of the axial slice is set at 5 mm. An echo time (TE) of 18 ms and a repetition time (TR) of 175 ms are used. TE is the amount oftime between the RF pulse and the resulting Magnetic Resonance signal. TR is the amount of time to complete one imaging sequence ofRF pulses and magnetic field gradients and start a new sequence. Each image frame takes 90 s to acquire. The amplitude of the Magnetic Field Gradient is set at 1.1 Gauss/cm.
METHODS
The objective ofthis research is to use MRE to measure the viscoelastic material properties ofvelocity and attenuation dispersion in Bovine Gel. To do this, a verticalline scan from the phase image of a propagating shear wave is used to fit a damped cosine, Equation 2. The fit is a five parameter non-linear best fit in a least squares manner to the line scan data. Signal averaging over 60 frequency encoded columns and bandpass filtering are used to obtain better estimates ofthe five parameters. The five parameterstobe solved for are the following: llo is the amplitude ofthe displacement; a is the attenuation coefficient; ' A is the wavelength; 'V is the phase offset; and k is a constant offset. The wavelength and attenuation coefficient are the parameters of interest at this time. Shear wave phase velocity, cP, is proportional to the wavelength as shown in Equation 3.
Plane wavefronts, as demonstrated by the phase image in Figure 3 , are used to reduce the effects of geometric attenuation and to allow for more columns to be used in obtaining a better average ofthe line scans. Eight images with different phase offsets are used to determine eight pairs of wavelength and attenuation coefficients. The averages and standard of deviation for the eight pairs of data are reported.
Dispersion measurements at five frequencies are used: 100, 200, 300, 400,. 500 Hz. These measurements are limited by the wavelength of the shear waves (> 3.5 cm) below 100 Hz. The upper frequency measurements are limited by mechanical coupling efficiency, material attenuation, and displacement resolution above 500 Hz.
Five different concentrations ofBovine Gelare characterized by the dispersion measurements. The concentrations tested are the following: 10, 12, 14, 16, 18% by weight ofwater. lt is assumed that the higher Gel concentrations have a higher rigidity and propagate the shear waves at faster phase velocities [1 0]. At concentrations below 10%, there is large attenuation of the shear wave. At concentrations above 18%, the gel is difficult to dissolve in the water. The Gel phantoms have a eure time of approximately 20 hrs unless otherwise noted. Figure 4 shows the velocity and attenuation dispersion graphs for the 10 and 16% Gels. There are no statistical differences between the 10, 12, and 14% Gels. The 18% Gel has significantly higher phase velocity and significantly lower attenuation. Therefore, for clarity, the 12, 14 and 18% gelsarenot shown in these graphs. Due to the increased rigidity of the 16 % Gel, the resulting shear displacements are less and this significantly decreased the signal to noise ratio of the measured phase velocities. This increased level of noise can be seen in the phase velocity plots by the increase in length of the error bars when compared to the 10% Gel data. Because of the increased level of noise, data were not collected at 500 Hz in the 16% Gel.
RESUL TS AND DISCUSSION
From Figure 4 , two general trends can be noted. As the attenuation increases in the gel, the phase velocity tends to increase for both concentrations. As the relative attenuation increases between the concentrations at a single frequency, the difference in their phase velocities tend to increase. Figure 4 more clearly emphasizes these features. Figure 5 shows the dispersion curves for 18% Gel with two different curing times. The 52 hour eure gel has the smallest amount of attenuation and almost no velocity dispersion. lt behaves almost as a perfectly elastic medium. As the attenuation increases in the Gel with a 23 Hr eure, the phase velocity tends to increase.
From the data presented in Figures 4 and 5 , the following results have been obtained. The velocity and attenuation resolutions are on the order of 0.1 m/s and 0.4 /cm. Velocity is nonlinear with respect to Gel composition and velocity increases with respect to concentration and eure time. Velocity magnitude and dispersion increases with attenuation which is consistent with the Voight viscoelastic model [11] . Also, Gel eure time plays an important role in determining the dispersion characteristics of the Gel phantom. Velocity measurements are more sensitive than attenuation to changes in Gel composition and eure time.
CONCLUSIONS
Magnetic Resonance Elastography has been demonstrated to measure velocity and attenuation in Gel phantoms with deviations from the mean on the order of 8% and 26% percent respectively. These precisions are sufficient to characterize velocity and attenuation dispersion caused by the viscoelastic properties ofbovine Gel. In addition to these experimental conclusions, MRE has the following general conclusions. MRE does not require known boundary conditions to be effective, and it can measure displacements along an arbitrary axis to obtain three-dimensional displacement fields. Since MRE is a form of MRI, any soft tissue can be imaged even if surrounded by bone or air spaces. These characteristics of Magnetic Resonance Elastography have a high probability of making MRE an effective tool for noninvasive characterization of in vivo tissue. 
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